SUMMARY
New communication signals can evolve by sensory exploitation if signaling taps into preexisting sensory biases in receivers [1, 2] . For mate attraction, signals are typically similar to attractive environmental cues like food [3] [4] [5] [6] , which amplifies their attractiveness to mates, as opposed to aversive stimuli like predator cues. Female field crickets approach the low-frequency calling song of males, whereas they avoid high-frequency sounds like predatory bat calls [7] . In one group of crickets (Eneopterinae: Lebinthini), however, males produce exceptionally high-frequency calling songs in the range of bat calls [8] , a surprising signal in the context of mate attraction. We found that female lebinthines, instead of approaching singing males, produce vibrational responses after male calls, and males track the source of vibrations to find females. We also demonstrate that field cricket species closely related to the Lebinthini show an acoustic startle response to high-frequency sounds that generates substrate vibrations similar to those produced by female lebinthine crickets. Therefore, the startle response is the most likely evolutionary origin of the female lebinthine vibrational signal. In field crickets, the brain receives activity from two auditory interneurons; AN1 tuned to male calling song controls positive phonotaxis, and AN2 tuned to high-frequency bat calls triggers negative phonotaxis [9, 10] . In lebinthine crickets, however, we found that auditory ascending neurons are only tuned to high-frequency sounds, and their tuning matches the thresholds for female vibrational signals. Our results demonstrate how sensory exploitation of anti-predator behavior can evolve into a communication system that benefits both senders and receivers.
RESULTS
Animals generate signals using a variety of modalities to influence the behavior of receivers, and various mechanisms have been proposed for the evolution of these diverse signals [11] . In some cases, novel signals evolve because they tap into a preexisting sensory bias and associated behavioral response in the receiver that is beneficial to the sender of the signal, a process called sensory exploitation [1, 2] . In almost all known cases, mating signals that arise through sensory exploitation capitalize on attractive stimuli, like food cues [3] [4] [5] [6] or refuges from predators [12] , which increases the likelihood of gaining the receiver's attention and motivating the receiver to approach. In the context of mate attraction, signals that tap into preexisting sensory specializations for predator defense are, understandably, extremely rare (but see [13] ). An important step in determining whether a signal arose through sensory exploitation is demonstrating that the response to the signal preceded the appearance of the signal itself, a step that requires a phylogenetic framework, which is not always available [2] . Furthermore, we seldom understand the neural origins of sensory biases, despite the important role that neural tuning and sensitivity play in this process (but see [14] ).
In this study, we combine behavioral and neural data in a phylogenetic context to assess the role of sensory exploitation in the evolution of an unusual communication signal in crickets. Female field crickets (Gryllidae: Gryllinae) approach low-frequency sounds typical of male calling song ($5 kHz) and avoid high-frequency sounds (>10 kHz) like the echolocation calls of predatory bats [7, 15] . Two ascending auditory interneurons, AN1 and AN2, forward activity from auditory afferents in the thorax to the brain [9] . AN1 is narrowly tuned to the low frequencies of the calling song, and it initiates positive phonotaxis [16] . AN2 is tuned to higher sound frequencies and triggers avoidance behavior in response to bat calls [10] . Eneopterine males (Gryllidae: Eneopterinae) are the only crickets known to generate calling songs with intense high-frequency harmonics [8] . In one derived tribe, the Lebinthini, one of the higher-frequency harmonics has become the dominant frequency of the call, and this harmonic is ultrasonic (>20 kHz) in some species [8] .
Considering that in closely related field cricket species [17] high-frequency sounds provoke avoidance behavior [7, 18] , the use of high-frequency calling songs for mate pairing is surprising.
We considered two hypotheses for the origin of high-frequency calling songs in lebinthine crickets. Most of the energy in male field crickets calls is restricted to a low-frequency band, but there is still significant energy in higher-frequency harmonics [19] . Although these harmonics are not required for phonotaxis, female crickets of at least one species prefer and can more accurately locate song models when they contain these higher-frequency harmonics [20] . Eneopterine crickets often live on plants instead of on the ground, and increasing the energy in the higher-frequency harmonics of calls might have provided a greater benefit to crickets locating mates in the three-dimensional habitat of plants, compared to the less complex twodimensional habitat of crickets that live on the ground. The high-frequency calls of lebinthine crickets could have been a result of selection for a call feature more suitable for their complex environment. This hypothesis predicts that female lebinthine crickets will preferentially select males with higher-frequency calls. High-frequency calls could have also arisen by sensory exploitation if males were exploiting an anti-predator behavior in females. This second hypothesis predicts that female lebinthine crickets demonstrate anti-predator-like behavior in response to male calls.
Female Cricket Behavior in Response to Male Calling Song
To test these hypotheses, we first analyzed and compared female behavior during male calling songs in five cricket species within the family Gryllidae (Figure 1 ). Two species have low-frequency calling songs: Gryllus bimaculatus, an outgroup species from the subfamily Gryllinae, and Nisitrus vittatus, from the tribe Nisitrini within the Eneopterinae. Three species have high-frequency songs: Cardiodactylus muria, Agnotecous obscurus, and Lebinthus luae, all from the tribe Lebinthini within the Eneopterinae. Positive phonotaxis to the male calling song is well documented in field crickets (Gryllinae) [7, 15] . In arena experiments, we found that female N. vittatus also demonstrated a positive phonotactic response by walking to a speaker broadcasting the male calling song (Figure 2) . Females of the three lebinthine species, however, did not walk at all when presented with the species-specific calling song ( Figure 2 ). Instead, they remained stationary during male calling song but produced a vibrational response by jerking their bodies after each male call. We also observed female lebinthine crickets producing vibrational responses to male calls in the wild while remaining perched on leaves (Movie S1). We never observed vibrational responses in N. vittatus during playbacks of male calling song ( Figure 2 ).
To determine how male and female lebinthine crickets find each other, we made observations of couples (one male and one female) for two species (C. muria and A. obscurus) in a cylindrical mesh arena. Observation sessions were conducted under red light and lasted for 20 min from the time that the male started calling. For C. muria, 10 of 13 couples tested located each other, and for A. obscurus, 3 of 5 couples located each other. In all cases, the behavior of males and females was consistent. The male lebinthine crickets produced calls and then walked a short distance in the arena before producing another call. Females did not walk but remained stationary and produced vibrational signals. For communicating couples, it was always the calling male that walked to the stationary female. This is different from other species of crickets in which males remain stationary while calling and are approached by females [20] [21] [22] [23] [24] . We also observed male lebinthine crickets in the wild alternating between singing and walking and eventually tracking down a nearby stationary female producing vibrational signals in response to his calls (Movies S2 and S3).
We then assessed the frequency tuning and timing of the female response relative to the male call. When song models that contained only one of the harmonics of the male call (6, 12, or 18 kHz) were broadcast, females of the low-frequency eneopterine species N. vittatus only showed phonotaxis to the 6-kHz song model, but not to the 12 or 18 kHz song models (arena tests; n = 2). The vibrational signals produced by female lebinthine crickets in response to computer-generated male calls were broadly tuned to high frequencies (10-20 kHz; Figure 2), and the tuning was similar to that of the AN2 neuron and negative phonotaxis in G. bimaculatus and other field cricket species [26] [27] [28] . The females responded within a narrow range of latencies after the end of each male call, and the latency differed between species (Table 1) .
The Acoustic Startle Reflex in Crickets
We hypothesized that the origin of the female vibrational response could be a startle reflex, a rapid jerking and freezing movement in response to a sudden stimulus, that is ubiquitous in many animals [29] including insects [30, 31] . To test whether the acoustic startle response preceded the appearance of the vibrational reply, a condition required for sensory exploitation, we measured the behavioral responses of four species of field crickets (Gryllinae) and two species of eneopterines to a highamplitude (90 dB SPL) sound pulse at two frequencies: 6 kHz (similar to the dominant frequency in the calls of most field crickets) and 14 kHz (similar to the dominant frequency in the calls of many lebinthine species) ( Table 1 ). All four field cricket species reliably generated short-latency substrate vibrations in response to the 14-kHz stimulus, indicating an acoustic startle reflex (ASR), but never in response to the 6-kHz stimulus. The latencies between the onset of sound and the onset of the ASR in these four species are similar to the latencies recorded for the bat-avoidance response by flying crickets (35-66 ms) [32] , a behavior known to be triggered by AN2 [10] . In contrast, the lebinthine species C. muria did not show any vibrational response (ASR) to these sound stimuli (Table 1) ; instead, tests using different durations and repetition rates of high-frequency sound pulses indicated that they require the species-specific male calling pattern to produce a vibrational reply ( Figure S1 ). The latencies for the vibrational reply in lebinthine species are also considerably longer than what is typical for acoustic startle ( Table 1) .
The Neural Basis for Mate Pairing Behavior in Lebinthine Crickets
If the female behavior evolved from a startle response, we would expect the lebinthine AN2 to have the same frequency tuning as the female vibrational reply. We recorded the spike activity of ascending auditory neurons (ANs) in the lebinthine C. muria and in the field cricket G. bimaculatus (Figure 3 ). Extracellular recordings from the connectives between the prothoracic and the subesophageal ganglia in G. bimaculatus showed similar activity levels in response to 5-and 14-kHz sound pulses due to AN1 and AN2 activity, respectively ( Figure 3A) . Connective recordings in the lebinthine species, however, showed no neural activity in response to 5-kHz pulses and a high level of activity A) Inferred phylogenetic tree of cricket families and subfamilies with a simplified topology, based on a large-scale analysis (205 species) using seven nuclear and mitochondrial molecular markers [17] showing Bayesian posterior probabilities corresponding to each node. Families and subfamilies in which female phonotaxis to male calls has been documented are given in green ( [20] [21] [22] [23] [24] ; this study); families and subfamilies in which it is unknown whether females perform phonotaxis to male calls are given in gray with dashed lines; families in which acoustic communication has been lost are given in orange [25] ; and the subfamilies that have acoustic communication but lack phonotaxis are given in magenta (this study). in response to 14-kHz pulses ( Figure 3A) . Therefore, there is no low-frequency sound response forwarded to the brain in C. muria that corresponds with the narrow AN1 tuning known from field crickets [9] .
Intracellular recordings and staining experiments were conducted to reveal the tuning of individual auditory interneurons in the brains of these two cricket species (Figures 3B, S2, and  S3) . In G. bimaculatus, we could unambiguously discriminate between AN1 (n = 20) and AN2 (n = 20) based on their characteristic frequency tuning and morphology. All ascending (n = 11) and local (n = 6) auditory interneurons recorded in 11 C. muria, however, were only sensitive to high-frequency sounds with a threshold curve similar to AN2 of G. bimaculatus. The threshold curves of ANs in C. muria were consistent between animals and closely matched the threshold-tuning curve for the female vibrational response ( Figure 3B ). Thus, both the extracellular and Figure 3C ). Therefore, we speculate that either the AN1 has been lost in the lebinthine species or its frequency tuning has shifted to that of the AN2.
DISCUSSION
Our results support the hypothesis that sensory exploitation in the communication system of lebinthine crickets led to the transformation of a startle response to a mate-pairing signal (Figure S4 ). This hypothesis suggests that, starting with mate pairing typical for field crickets in which females approach singing males, the high-frequency components of the calling songs in eneopterine crickets increased over evolutionary time until the male song triggered an ASR in females of the ancestral lebinthine crickets. Male lebinthine crickets that followed substrate vibrations generated by the female had the advantage of finding mates without waiting to be selected by one and possibly reducing their risk from acoustically orienting predators and parasitoids [33, 34] . Likewise, females potentially reduced their risk of predation by remaining stationary. Potential costs to lebinthine females producing ASRs, such as attracting vibrationsensing predators [35] , might have selected for females that responded to a narrower range of high-frequency stimuli (i.e., only the calls of conspecific males) as opposed to any high-frequency sound. As the vibrational response was coopted into a true communication signal, individuals of lebinthine species lost the typical cricket ASR to any high-frequency sound pulse. Thus, what started as sensory exploitation by males of a startle reflex (ASR) in females evolved into a new auditoryvibratory communication system with females selectively producing vibrational signals in response to the calls of conspecific males. The behavior seen in lebinthine females and the presence of phonotaxis in ancestral taxa suggest that female phonotaxis has been lost in the Lebinthini. Female phonotaxis to male calls has been documented in three of seven cricket families, including one of the most basal groups (the Gryllotalpidae) and three subfamilies within the family Gryllidae ( Figure 1A) . Because of the lack of knowledge about the character state in some families, it is difficult to assess whether phonotaxis is the ancestral condition for all crickets. However, the most parsimonious explanation for the taxa included in this study (Gryllinae and Eneopterinae) is that the ancestral condition of female phonotaxis was lost once in the ancestor of the Lebinthini, as opposed to female phonotaxis evolving twice independently in the Gryllinae and Nisitrini.
The behavioral pattern seen in female lebinthine crickets is typical of insects that communicate with acoustic duets in which the male call is followed by a female reply in a species-specific time window [36] . In lebinthines, however, males and females use different modalities and communication channels (acoustic and vibrational signals, respectively). Vibration-based communication through plant substrates is widespread across many insect groups, including the Orthoptera [37] . The dominant frequencies of the vibrational reply produced by lebinthine crickets (C. muria: 38 ± 3 Hz; A. obscurus: 48 ± 5 Hz; L. luae: 84 ± 4 Hz; mean ± SEM) are in the range of those produced by non-acoustic crickets for vibrational communication [38] and activate the vibration-sensitive subgenual organ in the legs of crickets [39] . Furthermore, plants transmit vibrations very well compared to the ground substrate of field crickets [37] . Therefore, these vibrational signals are well suited for detection by eneopterine crickets.
Females of some field cricket species can more accurately locate male song that includes high-frequency harmonics [20] , and this could have selected for greater energy in higher-frequency harmonics in eneopterines due to their tendency to live on the more complex environment of plants rather than the ground. Because vibratory cues can accompany male singing [40] and courtship behavior [41] in crickets, and male field crickets are known to phonotactically approach other singing males [42] , territoriality or competition might have been the original impetus for males to approach the vibrations produced by startled females. Figure S4 for a hypothesized sequence of events leading to the evolution of vibrational signaling in lebinthine crickets from an ASR precursor.
The function of the high-frequency ASR in perched insects is unknown because it provides no protection against attacking bats. It is possible that it is a by-product of the bat avoidance response during flight and has no adaptive function or significant cost in this context. Both the ASR in crickets and vibrational signal in female lebinthines are most likely mediated by activity in the AN2 interneuron, which triggers cricket avoidance steering in flight. The latencies of the vibrational reply in female lebinthines, however, are significantly longer than what is observed for ASRs (Table 1) , and the vibrational replies are tuned to the temporal pattern of the species-specific male call, as is seen in other duetting insects [36] . As AN1 is crucial for calling song pattern recognition in field crickets [43, 44] , its tuning in lebinthine crickets might have shifted to higher frequencies to support pattern recognition. Further experiments are needed on the tuning, morphology, and targets of the ANs and local brain neurons across eneopterine cricket species with established phylogenetic relationships to assess in more detail how the function of these neurons changed over evolutionary time in the eneopterine clade. The origins of communication signals have long fascinated evolutionary biologists, and multiple potential mechanisms for these origins have been proposed [11, 45] . Evidence from many well-documented cases over the past 25 years suggests that sensory biases in receivers is a relatively common origin for novel communication signals [3] [4] [5] [6] 12] . In almost all cases of exploitation of sensory biases for mate finding, senders converge on properties of environmental cues that are attractive to receivers due to the clear benefits this has for the sender. A particularly interesting aspect of the lebinthine communication system is that, unlike other examples in which senders increase the probability that receivers will move toward them, male lebinthine crickets induced a response in females (the ASR) that then evolved into a new communication signal itself (the vibrational reply). Our phylogenetic, behavioral, and neurophysiological evidence demonstrates that sensory exploitation of an aversive cue can also evolve into a classic communication system in which both senders and receivers benefit and that this unexpected origin might be more common than previously appreciated. 
